To explore rapidly the potential chemical markers for differentiating Radix Paeoniae Alba and Radix Paeoniae Rubra, a method is proposed based on ultraperformance liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS) coupled with multivariate statistical analysis. Batches of commercial samples were analyzed by UPLC-Q-TOF/MS. The datasets of t R -m/z pair, ion intensities and sample codes were further processed with orthogonal partial least squared discriminant analysis (OPLS-DA) to compare holistically the difference between these two kinds of samples. Then statistics were used to generate an S-plot, in which the variables (t R -m/z pair) contributing most to the difference were clearly depicted as points at the two ends of "S", and the components correlated to these ions should be regarded as the chemical markers. The identities of the most changed markers can be identified by comparing the mass/UV spectra and retention times with those of reference compounds and/or tentatively assigned by matching empirical molecular formulae with those of known compounds published in the literature. Using this proposed approach, albflorin, paeoniflorin, oxypaeoniflorin, benzoylpaeoniflorin, galloylalbiflorin and paeoniflorigenone were found to be the differentiating components for discrimination of Radix Paeoniae Alba and Radix Paeoniae Rubra. Moreover, paeoniflorin sulfonate and its isomer, isomaltopaeoniflorin sulfonate, were found to be the characteristic markers for all Radix Paeoniae Alba samples that were processed by sulfurdioxide gas fumigation. The results suggested that this newly established approach could be used to explore rapidly the potential chemical markers for herbs with similar chemical characteristics.
Radix Paeoniae (Shaoyao in Chinese) is a commonly used medicinal herb in traditional Chinese medicine (TCM).Radix Paeoniae Alba and Radix Paeoniae Rubra are two kinds of Radix Paeoniae that grow in different environments and are processed by different post-harvesting methods. Radix Paeoniae Rubra, which is used for eliminating blood stasis and relieving pain [1] , grows in the wild. After harvesting, the whole fresh roots are sun-dried. Using this method, Radix Paeoniae Rubra is produced. Radix Paeoniae Alba is used for subduing hyperactivity of the liver, nourishing blood and regulating menstruation [1] . In contrast to Radix Paeoniae Rubra, Radix Paeoniae Alba is cultivated. After harvesting, whole fresh roots of Paeoniae Alba are sun-dried after boiling in water and peeling off the bark.
Studies suggested that the chemical compositions of Radix Paeoniae Alba and Radix Paeoniae Rubra are very similar and various components have been identified, such as monoterpene glycosides [2a] , galloyl glucoses [2a] , polyphenols [2b] and fatty acids [2c] . In recent years, there have been several reports showing chemical differences between Radix Paeoniae Alba and Radix Paeoniae Rubra. In these studies, only one or a few components, such as paeoniflorin or albflorin, were selected as chemical markers to evaluate the difference. There were reports about the differentiation of the two herbs by comparing their fingerprints. The peak area of most individual components was found to be different for the two herbs, but only a few compounds were identified. Therefore, it was deemed necessary to explore and identify as many as possible of the potential chemical markers for differentiation between Radix Paeoniae Alba and Radix Paeoniae Rubra.
In this paper, a method based on UPLC-Q-TOF/MS coupled with multivariate statistical analysis was established to evaluate rapidly the chemical markers for differentiation between Radix Paeoniae Alba and Radix Paeoniae Rubra. This method is a newly developed technique in the field of medicinal analysis, with the advantages of short analysis time, high chromatographic resolution and improved sensitivity, as well as high accuracy of mass values [3] . This approach has been widely accepted and used for analysis of Chinese herbal medicines. In addition, the accurate mass values of Q-TOF/MS can deduce candidate empirical formulae with mass error of less than 5 ppm, and thus significantly reduce the number of possible structures of putative compounds. In recent years, this method has been usually utilized coupled with Marker Lynx software (an integrated multivariable analysis software package), which provides automated peak detection followed by multivariable analysis with direct links to the original chromatograms and ion intensity trend plots. Consequently, UPLC-Q-TOF/MS has been proved to be a powerful technique for characterizing a wide variety of compounds in herbs and combinatorial formulae samples.
In our preliminary experiment, to achieve chromatograms with better resolution of adjacent peaks with short analysis time, the chromatographic conditions such as column, mobile phase, gradient elution and column temperature were optimized. Two analytical columns were compared: ACQUITY BEH C 18 column (100 mm× 2.1 mm, 1.7 μm) and ACQUITY HSS T3 (100 mm× 2.1 mm, 1.8 μm). The results showed that the ACQUITY BEH C 18 column was more suitable for the samples in this study. As for the mobile phase, acetonitrile-water, methanol-water, acetonitrile-0.1% aqueous NPC Natural Product Communications formic acid (v/v) and acetonitrile-0.3% aqueous formic acid (v/v) were compared to obtain chromatograms with the best resolution. Acetonitrile-0.1% aqueous formic acid (v/v) was the best choice.
It was suggested that separation was better when the column temperature was kept at 30°C rather than either 25°C or 35°C. Representative chromatograms monitored by MS are shown in Figure1.
To evaluate the chemical consistency of Radix Paeoniae Alba and Radix Paeoniae Rubra, supervised orthogonal partial squared discriminant analysis (OPLS-DA) was performed. After Pareto scaling with mean-centering, the data were displayed as scores (t i ) in a coordinate system of latent variables, which resulted from the above samples. In the OPLS-DA scores plot (Figure2), each coordinate represents a sample, and it could be observed that the determined samples clearly divided into two clusters: Radix Paeoniae Alba and Radix Paeoniae Rubra. In order to find out the components contributing most to the differences between the two herbs, extended statistical analysis was used to provide an S-plot (Figure2). In this, the t R -m/z pair points at the two ends of "S" represent those components contributing most to the difference between the two herbs.
According to the S-plot, ten ions (a-f, k-n) at the top right corner of "S" from samples of Radix Paeoniae Alba contributed most to its differentiation from Radix Paeoniae Rubra. Ions a, b, c, d, f, m and n were detected with higher intensity in all 10 Radix Paeoniae Alba samples than those of Radix Paeoniae Rubra. Similarly, eight ions (g-j, o-r) at the bottom left corner of "S" were the ions of Radix Paeoniae Rubra that contribute most to the difference between these two herbs. The intensity trends showed that ions g, j, o, q, r and i were detected with higher intensity in all 10 Radix Paeoniae Rubra samples than in any of the 10 Radix Paeoniae Alba samples. The ion intensity trends suggested that components that correlate with these ions could be used as potential characteristic markers between Radix Paeoniae Alba and Radix Paeoniae Rubra.
Under the present chromatographic and MS condition, 36 peaks were detected from these two herbs. The most significant components for differentiation, together with other major peaks were either identified or tentatively assigned by comparison with reference compounds or by matching the empirical molecular formulas with those of published compounds. The details of the identified components are summarized in Table 1 .The mass accuracy of all assigned components was less than 5 ppm by comparing the empirical molecular formulas with those of the published compounds of Radix Paeoniae Alba and Radix Paeoniae Rubra. Furthermore, gallic acid, albiflorin, paeoniflorin and paeonolum were confirmed by comparing their mass/UV spectra and retention times with those of reference compounds. From Table  1 , five major types of components were detected in these two herbs, including monoterpene glucosides, saccharide, phenolic and fatty acids.
Monoterpene glucosides and saccharide were detected both in negative and positive ion mode, while fatty acids were detected only in positive ion mode. By comparison of UV/mass spectra and retention times with those of reference compounds, l, o, p and q were identified as albiflorin (l)and paeoniflorin (o, p and q), respectively, while m and r were tentatively assigned as paeoniflorin sulfonate and benzoylpaeoniflorin by matching their empirical molecular formulas with those of the published compounds. In the mass spectrum of component k, ions at m/z 274.1213 and 318.2993 were found, suggesting that the first ion had lost a CO 2 unit (44 Da) 490 Natural Product Communications Vol. 8 (4) 2013 Luo et al. Therefore, it was found that paeoniflorin sulfonate and its isomer, isomaltopaeoniflorin sulfonate, oxypaeoniflorin, albiflorin, paeoniflorin, benzoylpaeoniflorin, galloylalbiflorin, and paeoniflorigenone were the components contributing most to the difference between Radix Paeoniae Alba and Radix Paeoniae Rubra. Paeoniflorin sulfonate, its isomer and isomaltopaeoniflorin sulfonate were detected in all Radix Paeoniae Alba samples, which had undergone the sulfurdioxide gas fumigation process. However, these components were not detected in any of the Radix Paeoniae Rubra samples, which had not undergone the sulfurdioxide gas fumigation process. Sulfur dioxide fumigation is commonly used for Radix Paeoniae Alba processing and during this procedure monoterpene glycosideslike paeoniflorin can easily be converted into their sulfonate derivatives and thus to the loss of monoterpene glycosides. Meanwhile, decorticating and boiling are the basic processes for Radix Paeoniae Alba, and thus the content of major monoterpene glycosidessuch as paeoniflorin, galloylalbiflorin, benzoylpaeoniflorin and oxypaeoniflorin, which distribute in the root bark more than in the core, is, therefore, decreased [5a-5b] .
